This work characterizes patterns of temporal variability in surface waters of the central Gulf of Mexico. We examine remote-sensing based observations of sea surface temperature (SST), wind speed, sea surface height anomaly (SSHA), chlorophyll-a concentration (Chl-a) and Net Primary Production (NPP), along with model predictions of mixed layer depth (MLD), to determine seasonal changes and long-term trends in the central Gulf of Mexico between the early 1980s and 2012. Specifically, we examine variability in four quadrants of the Gulf of Mexico (water depth >1000 m). All variables show strong seasonality. Chl-a and NPP show positive anomalies in response to short-term increases in wind speed and to cold temperature events. The depth of the mixed layer (MLD) directly and significantly affects primary productivity throughout the region. This relationship is sufficiently robust to enable real-time estimates of MLD based on satellite-based estimates of NPP. Over the past 15-20 years, SST, wind speed, and SSHA show a statistically significant, gradual increase. However, Chl-a and NPP show no significant trends over this period. There has also been no trend in the MLD in the Gulf of Mexico interior. The positive long-term trend in wind speed and SST anomalies is consistent with the warming phase of the Atlantic Multidecadal Oscillation (AMO) that started in the mid-90s. This also coincides with a negative trend in the El Niño/ Southern Oscillation Multivariate ENSO Index (MEI) related to an increase in the frequency of cooler ENSO events since 1999-2000. The results suggest that over decadal scales, increasing temperature, wind speed, and mesoscale ocean activity have offsetting effects on the MLD. The lack of a trend in MLD anomalies over the past 20 years explains the lack of long-term changes in chlorophyll concentration and productivity over this period in the Gulf. Understanding the background of seasonal and long-term variability in these ocean characteristics is important to interpret changes in ocean health due to episodic natural and anthropogenic events and long term climate changes or development activities. With this analysis we provide a baseline against which such changes can be measured.
Introduction
The Gulf of Mexico ( Fig. 1) is an area of great economic importance for the United States, Mexico, and Cuba (Adams et al., 2004) . It forms part of the circulation of the Atlantic Ocean, serving as a thruway for the transport of heat, salt and nutrients, and biological material from the Caribbean Sea to the North Atlantic. Thus, it plays a significant role in defining the weather and climate of Central America, the United States, and the Caribbean Sea. It represents important habitat for pelagic fish, marine mammals, and other organisms. A unique geography, rich biodiversity, and high productivity are the foundations for major fisheries and tourism industries in the Gulf of Mexico. This is also an area that has led the world in extensive oil and gas development in deep ocean waters (>300 m) since the 1970s. Over the past 60 years we have developed substantial knowledge about the hydrography, circulation, biogeochemical, and biological processes of surface waters of the Gulf of Mexico (e.g. Capurro and Reid, 1972; Muller-Karger et al., 1991; Felder and Camp, 2012; and numerous other publications) . This knowledge is based on observations collected by ships, moored instruments, drifting buoys, satellite-based sensors, and numerical simulations. In this paper we present an updated synthesis of the major characteristics of oceanic surface waters in the central Gulf of Mexico. Our study was guided by the objective of testing the hypothesis that the surface waters of the interior Gulf of Mexico, i.e. those seaward of the shelf break, have experienced significant unidirectional change over the past 30 years in a number of oceanographic parameters. Detecting and quantifying such change in large oceanic ecosystems is fundamental to define proper resource use management strategies . Our question arose from general interest on how the Gulf of Mexico is behaving in light of the average +0.13°C per decade increase in sea surface temperature observed over the global ocean since 1979 (Trenberth et al., 2007) , or the much higher rates of +0.5°C per decade observed in the past 20 years over the central Caribbean Sea and the tropical western north Atlantic Ocean (Chollett et al., 2012) . Muhling et al. (2012) found that sea surface temperature (SST) in the northern Gulf of Mexico rose about 0.5°C between 1985 and 2008. They detected a concurrent increase in pelagic fish larvae over the outer continental shelf, with warmer years showing higher abundances of larvae. Muhling et al. (2012) concluded that long-term changes in physical habitat are having important ecological implications in the deep Gulf of Mexico.
Here we focused specifically on key surface ocean properties of the interior of the Gulf of Mexico where the seafloor is deeper than 1000 m. We wanted to understand long-term change in waters away from the more direct influence of winds and atmospheric temperatures associated with adjacent land, which strongly affect coastal and shelf waters of the Gulf (Muller-Karger, 2000; ZavalaHidalgo et al., 2003; Morey et al., 2005; Weisberg et al., 1996 Weisberg et al., , 2005 . Surface waters of the Gulf of Mexico cover approximately 1.6 Â 10 6 km 2 , with waters deeper than the continental shelf covering about 8.6 Â 10 5 km 2 . Satellite sensors facilitate the observation of such large areas. We examined the variability of SST, wind speed, sea surface height anomaly (SSHA), mixed layer depth (MLD), chlorophyll-a concentration, and primary productivity in these offshore Gulf of Mexico waters. We sought to quantify oceanographic change over seasonal to decadal timescales and put these variations in the context of decadal-scale change. The need for such information is recognized, especially after the Deepwater Horizon oil spill (e.g. National Ocean Service, 2011).
Background
There is a large body of scientific literature describing the general circulation of surface waters in the Gulf of Mexico (Nowlin et al., 1968; Behringer et al., 1977; Vukovich, 1988; Fratantoni et al., 1998; Lindo-Atichati et al., 2013 , and references therein). The Gulf of Mexico forms part of the western boundary current system of the North Atlantic. Clear and warm surface Caribbean Sea water enters the basin via the Yucatan Current. This water can penetrate as far north as 29°N, reaching the vicinity of the Mississippi River delta in the northern Gulf of Mexico. This current transports water volumes between about 24 Sverdrup (Sv) and 32 Sv (Morrison and Nowlin, 1977; Baringer and Larsen, 2001; others) . Many studies have focused on possible links between the volume transport through Yucatan Channel, the extent of penetration of the Loop Current into the Gulf of Mexico, and the processes of ring shedding (Maul et al., 1985; Candela et al., 2003; Bunge et al., 2002; Oey, 1996; Ezer et al., 2003) . Oscillations in the Cayman Sea and the Gulf of Mexico were hypothesized to be connected with time-dependent growth of the Loop Current and its penetration into the northern areas of the Gulf (Maul, 1978) . As the current extends to the north, it makes a loop by turning east and south, and carries water out of the Gulf via the Straits of Florida (Vukovich et al., 1979; Hurlburt and Thompson, 1980) . The Loop Current penetration displaces an equivalent volume of Gulf water which flows back into the Caribbean Sea approximately below 800 m and in shallower counter-currents found typically on the eastern side of the Yucatan Channel (Bunge et al., 2002; Candela et al. 2003; Rivas et al. 2005; Chérubin et al. 2005) . Ocean color satellite imagery shows phytoplankton blooms from the Yucatan Peninsula are often entrained into the Yucatan/ Loop Current system and transported north and east into the Gulf of Mexico interior (Muller-Karger et al., 1991) . Similarly, the Loop Current often entrains water from the Mississippi River along its northern edge and may carry it out of the Gulf of Mexico via the Straits of Florida (Muller-Karger, 1993; Ortner et al., 1995; Del Castillo et al., 2000 Hu et al., 2005) . The Loop Current shows instabilities around its edge, many of which form cyclonic eddies that may grow as they propagate around its periphery. As these eddies grow, they likely play a role in the process of separation of a section of the Loop Current into a large (200-300 km diameter) anticyclonic eddy (Fratantoni et al., 1998) .
The process of Loop Current extension and anticyclonic eddy separation is the result of a number of interacting seasonal and stochastic processes (Nowlin et al., 2000; Zavala-Hidalgo et al., 2006) . In rare years no separation is observed, but separations can occur even up to three times per year. The period between eddies varies between 0.5 and 18.5 months (Vukovich 2007 (Vukovich , 2012 Sturges and Leben, 2000; Leben 2005) . The time series of satellite altimetry initiated in 1992 shows anticyclonic eddies shed more frequently between about June and September, but eddies have been shed any month of the year (Alvera- Azcárate et al., 2009; LindoAtichati et al., 2013; Cardona and Bracco, 2014) . Similar inferences have been made from simulations (Chang and Oey, 2010 , 2013a Nedbor-Gross et al., 2014) .
In the eastern Gulf of Mexico, the Loop Current and these large eddies can interact with the continental shelf and lead to enhanced coastal upwelling throughout the region (Muller-Karger, 2000; Weisberg et al., 2004) . The large anticyclonic Loop Current eddies typically drift toward the west or west-northwest and reach the Texas-Mexico coastal zone after 2-4 months (Muller-Karger et al., 1991; Lindo-Atichati et al., 2013 and references therein). Immediately after shedding an eddy, the Loop Current retracts to a southern position where waters flow more directly between Yucatan Channel and the Straits of Florida. There is much debate on the physical oceanographic processes at play here. Le Hénaff et al. (2012) suggested that blockage is effected by one or more successive cyclones north of the Loop Current boundary. Mildner et al. (2013) suggested that the recently-shed anticyclonic eddy blocks the flow of the Yucatan Current water toward the north. This remains a ''chicken and the egg'' problem that will require study outside the scope of this paper.
Many of the studies mentioned above have demonstrated that the bulk properties of the water masses of the upper Gulf of Mexico are determined by interaction of the atmosphere and the ocean over seasonal cycles, by mixing of Loop Current water and large anticyclonic and cyclonic eddies, and by upwelling and mixing of waters along the margins of the basin (Herring, 2010; Vidal et al., 1994 , and references therein). Sea surface temperature (SST) in the interior of the Gulf of Mexico undergoes a marked seasonal cycle. Waters gain heat through insolation between April and August, but lose heat between September and March (Etter, 1983; Cerdeira-Estrada et al., 2005; Chang and Oey, 2010) . Heat loss in winter is accelerated by storms and cold-air fronts that stimulate Ekman pumping and wind-driven and convective mixing (Muller-Karger et al., 1991; Melo Gonzalez et al., 2000; Villanueva et al., 2010) . Muller-Karger et al. (1991) used SST data from the NOAA Advanced Very High Resolution Radiometer (AVHRR) and the Comprehensive Ocean-Atmosphere Data Set (COADS) to document the seasonal cycle of SST in the interior of the Gulf and its relation to the mixed layer depth. Highest SST of $29-30°C occur throughout the interior of the Gulf between July and September. SST minima occur in February-March, with $22-24°C observed in the western half of the Gulf, and $24-26°C in eastern half where the Loop Current has a direct influence. The density changes associated with temperature and the changes in wind forcing lead to a seasonal cycle in mixed layer depth (MLD), with shallow MLD $20 m during boreal summers and $125 m in winter (Muller-Karger et al., 1991) .
Even today there are very limited field observations available to characterize how large-scale physical forces have affected the basic biogeochemical characteristics of the interior of the Gulf of Mexico over time. Such inferences have been facilitated by satellite observations. Muller-Karger et al. (1991) examined the spatial and temporal changes in phytoplankton concentrations over the Gulf of Mexico region using synoptic ocean color satellite imagery collected with the NASA Coastal Zone Color Scanner (CZCS; 1978 -1986 ). Winter fronts and storms are particularly frequent during El Niño-Southern Oscillation years (Melo Gonzalez et al., 2000; Kennedy et al., 2007) . These storms lead to increased mixing and higher phytoplankton concentrations in the deep Gulf of Mexico during El Niño years (Melo Gonzalez et al., 2000) .
Martínez-López and Zavala-Hidalgo (2009) derived a synthetic 12-month climatology of chlorophyll-a concentrations using estimates derived by NASA using the Sea-viewing Wide-Field-of-view Sensor (SeaWiFS) for the period 1997-2007. They found the highest variations in chlorophyll-a concentration on the shelf and along the shelf-break. Using the climatology, they identified complex temporal patterns of wind-driven export of shelf materials to the interior of the Gulf off the Mississippi River Delta, off the Louisiana-Texas shelf, off Veracruz, and in the southern Bay of Campeche. Salmerón-García et al. (2011) also used long-term monthly mean SeaWiFS chlorophyll-a concentration estimates to derive a thematic climatological (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) classification of Gulf of Mexico biogeographic regions. Callejas-Jimenez et al. (2012) conducted a similar spatial climatological (2002-2007) classification but combining SST, chlorophylla, and normalized water-leaving radiance observations derived by NASA using the Moderate Resolution Imaging Spectrometer (MODIS on the Aqua satellite). These studies all reached the conclusion that continental shelf waters (i.e. those where the bottom is shallower than about 200 m) host upwards of a dozen different biogeographic regions distributed around the periphery of the Gulf. Waters seaward of the continental shelf were generally classified as a single biogeographic region, with the caveat that the northeastern and northwestern corners of the Gulf experience seasonal offshore advection of coastal waters (Muller-Karger et al., 1991; MullerKarger, 2000; Biggs and Muller-Karger, 1993; Biggs et al., 2005; Martínez-López and Zavala-Hidalgo, 2009 ).
The analysis we present here updates these studies for surface waters over the deep Gulf of Mexico. The study is based on time series of synoptic satellite observations collected from the 1980s through 2012, with more limited observations collected with the Coastal Zone Color Scanner starting in 1978. The observations allow the characterization of the variability in physical parameters that affect the biological production of surface ocean waters.
More specifically, among the physical variables we examined were SST, sea surface height (SSH), wind speed, and MLD. SST is an index of the turbulent and thermodynamic heat flux balance of the surface ocean. It plays a role in determining the rate of metabolic processes within organisms, and is used by biota as a cue for migratory, reproductive, and feeding behavior. Satellite SST observations provide the most comprehensive, long-term records of daily physical variability in the world's ocean. Wind speed contributes to the vertical pumping of nutrients and mixing of biogeochemical properties in the upper layers of the ocean. Wind also contributes to the heat flux balance and gas exchange between the ocean's surface and the atmosphere. SSH is strongly related to circulation patterns and to the internal thermal and salinity structure of the ocean (Rio and Hernandez, 2004) . In our region, a higher SSH than normal can be caused by an anticyclonic mesoscale circulation feature, but it can also indicate the presence of a deep layer of warmer than average water. Depending on many factors, such as the vertical stratification and the dynamic processes involved, the relationship between isotherms and the SSH can be estimated from altimeter-derived SSHA, in combination with in situ and climatological hydrographic observations. In general, variations in the depth of the main thermocline can be associated with variations in the SSHA field (Willis et al. 2004; Shay et al., 2000) . The MLD defines the portion of the water column immediately below the surface within which physical and biogeochemical variables are more or less homogeneous. The MLD is the result of the interaction between surface and upper ocean processes of surface heating and cooling, wind and convective mixing, molecular diffusion and horizontal advection. Thus, the MLD has implications for climate and weather in terms of heat and material exchanges between the atmosphere and the deep ocean. It also has important implications for biota, in terms of light limitation and nutrient availability (Sverdrup, 1953; Ryther and Menzel, 1960; Menzel and Ryther, 1961) .
Among biological parameters that serve as an index to the biological state of the Gulf of Mexico we examined Chlorophyll-a (Chl-a) and Net Primary Production (NPP). Chl-a is an index of the standing stock of phytoplankton in ocean waters, typically expressed in units of biomass per unit volume of water. Chl-a also serves as an indicator of vertical mixing of nutrients in the upper ocean and as a tracer of the horizontal dispersal of upwelling or river plumes. Chl-a is typically a small fraction of the particulate organic carbon (POC) in the water (i.e. a few percent). Carbon to Chl-a ratios vary widely (C:Chl-a can range from < 10 to >300 mg C mg Chl-a À1 ), with lower values typical of diatoms and/or nutrient replete conditions (Yoder, 1979; Laws and Bannister, 1980; Falkowski et al., 1985; Li et al., 2010; and many others) . Higher values (>200 mg C mg Chl-a
À1
) are more typical of non-diatom and/or nutrient limiting conditions. The C:Chl-a ratio also tends to decrease with depth toward the deep Chl-a maximum, below which C:Chl-a may again increase with depth. There still are very few systematic time series measurements of this parameter in the world's ocean. We did not find any published time series of C:Chl-a for the interior of the Gulf of Mexico in waters deeper than the continental shelf edge. In our discussion below we explore the implications of variations in the C:Chl-a with season as related to Chl-a biomass observations from satellite-based sensors.
NPP is a measure of the rate of carbon fixation by phytoplankton (photosynthesis). It is typically expressed as the biomass (in units of weight of carbon) under a square meter of the ocean per unit time. NPP is a complex function of the physiology of phytoplankton, growth rate, C:Chl-a ratios, temperature, nutrient, and sunlight and nutrient history and availability (Cloern et al., 1995; Li et al., 2010) .
Time series of NPP and of Chl-a derived from satellites thus provide proxy information on trophic dynamics of surface waters of the ocean that is helpful to study the impact of variations in near-surface water column thermal structure and mixing.
About two decades of synoptic observations of all of these parameters are now available. The phytoplankton pigment concentration time series derived from SeaWiFS (1997 SeaWiFS ( -2010 and MODISAqua (2002 MODISAqua ( -2013 provide excellent data with which we can reexamine the inferences made about biological variability based on the CZCS observations collected between 1978 and 1986 (Muller-Karger et al., 1991 Melo Gonzalez et al., 2000) . For this purpose we also used a new version of the CZCS dataset, reprocessed by NASA in 2011 using bio-optical algorithms that are consistent with those used by SeaWiFS and MODIS.
We also compared the variability in these observations with common indices of climate variability, in particular the Atlantic Multidecadal Oscillation (AMO; Enfield et al., 2001 ) and the El Niño/Southern Oscillation Multivariate ENSO Index (ENSO MEI; Wolter and Timlin; . The AMO changed from a warm to cool phase in the mid-60s and from a cool to warm phase in the mid90s Cid-Serrano 2006, 2010) . The Gulf of Mexico ecosystem seems to have shifted in response to this change in the phase of the AMO (Karnauskas et al., 2013) . Simulations under various future climate scenarios also suggest that the Loop Current (LC) in the Gulf of Mexico may slow down as part of a deceleration of the Atlantic Meridional Overturning Circulation (AMOC), one of the major mechanisms affecting variability in the AMO (Liu et al., 2012) .
With this study we provide a baseline against which such changes can be measured in the Gulf of Mexico. We revisit the conclusions of Muller-Karger et al. (1991) that the seasonal phytoplankton biomass is defined by variations in the mixed layer, and examine how interannual variability in environmental parameters may affect the primary productivity of Gulf waters over decadal scales.
Methods
To test the hypothesis of whether the oceanography of surface waters of the Gulf of Mexico has changed over the past 20+ years, we developed decadal-scale time series of various surface ocean parameters for the Gulf of Mexico based on satellite observations. We divided the Gulf into four quadrants (Fig. 1) . Regions of Interest (ROI) were defined as areas between the 1000 m isobath and a point located at 27.78°N, 89.86°W in the central Gulf of Mexico. This point was chosen arbitrarily to divide the Gulf roughly into east, west, north and south. The northern quadrants coincide roughly with the U.S. Exclusive Economic Zone (EEZ). The eastern quadrants represent the area which is influenced by the Loop Current and where the anticyclonic eddy shedding process occurs. We examine variability and trends in wind intensity, sea surface temperature (SST), sea surface height anomaly (SSHA), phytoplankton pigment concentration (chlorophyll-a or Chl-a) and Net Primary Production (NPP) derived from satellite observations for each of these quadrants. Weekly, monthly and annual arithmetic means, and the corresponding long-term means (i.e. ''climatologies'') were computed for each parameter.
Time series of anomalies of wind speed, SST, SSHA and Chl-a concentration were obtained by subtracting the long-term monthly mean (climatology) from the monthly field for that variable. Anomalies thus represent de-seasoned decadal-scale time series of the corresponding observables. They were used to examine trends using a test for significance of the difference between the slope of the trend derived by least-squares linear regression and a slope of zero. Using anomalies helped to mitigate the effect of autocorrelation in examining the characteristics of these time series.
Wind (1987-2011)
We used monthly averages of the Cross-Calibrated, Multi-Platform Ocean Surface Wind Velocity Product (CCMP; Atlas et al., 2011) available from NASA (ftp://podaac-ftp. jpl.nasa.gov/allData/ccmp/L3.0/docs/ccmp_users_guide.pdf). This ocean surface (10 m) wind product, mapped to a 0.25 Â 0.25°d egree cylindrical grid, incorporates cross-calibrated satellite winds derived from SSM/I, SSMIS, AMSR-E, TRMM TMI, QuikSCAT, SeaWinds, WindSat, and other satellite instruments. The product is assumed to avoid the diurnal cycle bias that may be expected in observations from single polar-orbiting wind sensors (Tang et al., 2014) . We specifically used scalar wind speed and derived longterm monthly average winds (i.e. a 'climatology') to examine anomalies and long-term trends in the winds experienced in the region.
To evaluate the quality of the satellite-derived ocean wind data, wind observations were extracted from three oceanographic buoys maintained in the central Gulf of Mexico since the mid-1970s by the National Oceanic and Atmospheric Administration's National Data Buoy Center (NOAA NDBC). Specifically, we selected the following NDBC buoys, identified by their number ( We derived long-term monthly average scalar wind speed from these buoys to compare with the CCMP wind 'climatology' mentioned above (Fig. 2) . The buoy data were also used to validate any inferences of long-term trends in wind speed. The buoys were useful to evaluate the representativeness of the CCMP wind statistics for different ROI.
Sea surface temperature SST was derived from infrared (IR) observations collected by a number of different satellites. Data were processed at different spatial and temporal resolutions for various tests conducted for our study. Specifically, a time series of daily SST observations span- daily night-time only data from each sensor, and for each month across years for each pixel. The Pathfinder v5.2 SST climatology thus is represented by 52 synthetic weekly means and SD, or 12 values for the monthly mean and SD, constructed over the period 1982-2010 (inclusive) . The October 1994-January 1995 gap in Pathfinder v5.2 data mentioned above was not filled for purposes of computing the climatology. The MODIS and AVHRR SST monthly climatology (mean and SD) were computed for the period 2003-2010 (inclusive) . The choice of years was chosen since it is the period of overlap with SeaWiFS observations. The Pathfinder v5.2 SST time series for the Gulf of Mexico was compared against the USF AVHRR and MODIS Aqua data. These long-term, night-time SST climatologies were similar in each of the four Gulf of Mexico quadrants (Fig. 3) . The similarity provides confidence in the accuracy of the data and in long-term patterns observed with them. In the past, we have found that the various satellite data underestimate in situ observations slightly, in the order of about À0.5°C (Hu et al., 2009) . In the present study we examined SST anomalies and long-term trends, and therefore ignored this small bias.
Sea surface height anomaly (1992 -2012)
The sea surface height anomaly (SSHA) is the difference between the best estimate of the sea surface height and a mean sea surface derived from long-term observations from satellite altimeters. This 'anomaly' thus preserves seasonal signals. We derived a time series of monthly SSHA estimates for the four Gulf of Mexico quadrants using satellite altimetry observations gridded by the French CNES AVISO office (Archiving, Validation and Interpretation of Satellite Oceanographic data; Le Traon et al., 1998). The altimetric observations used for our time series correspond to Jason-1, TOPEX/Poseidon, The European Remote Sensing (ERS) Satellites 1 and 2, the Environmental Satellite (ENVISAT), and the Geodetic Satellite (GEOSAT) and the GEOSAT Follow-On (GFO), with data starting in October 1992. These interpolated gridded fields have a spatial resolution of 0.25 Â 0.25°and temporal resolution of 1 week.
To examine long-term variability in SSHA in the region, we computed long-term monthly mean and standard deviation (SD) of the AVISO datasets (Fig. 4) . These climatologies were derived by binning all weekly data. The AVISO SSHA climatology is represented by 12 values for the monthly mean and standard deviation constructed over the period October 1992-December 2012 (inclusive). We also examined the decadal-scale variability and trends in the de-seasoned SSHA (i.e. the monthly SSHA anomaly) as an indicator of mean sea surface elevation change and to assess ocean mesoscale activity.
Because we analyzed climatologies and time series of anomalies, we did not add the mean sea surface elevation to the SSHA fields. The AVISO sea surface height anomaly (SSHA) fields were computed with respect to the 1993-1999 mean from direct altimetry observations.
Mixed layer depth
We sought to derive a time series of monthly mean mixed layer depth estimates for the four offshore Gulf of Mexico quadrants using all in situ data holdings of the NOAA National Oceanographic Data Center (NODC). After downloading all ship cast, XBT, drifting buoy, and glider data available at NODC, we found that the data still are insufficient to derive a reasonable time series to cover the period of our study. We therefore did not use these data in this analysis. As an alternative to field measurements for assessment of variability in the mixed layer, we examined daily output fields (1992-2012 inclusive) of the ECCO2 model (ECCO2 is an acronym for Estimating the Circulation and Climate of the Ocean, Phase II; results available at: http://ecco2.jpl.nasa.gov/products/). ECCO2 is Phase II of the High-Resolution Global-Ocean and Sea-Ice Data Synthesis, sponsored by the NASA Modeling, Analysis, and Prediction (MAP) program (Menemenlis et al., 2005a (Menemenlis et al., ,b, 2008 Wunsch et al., 2009 ). The underlying model is the Massachusetts Institute of Technology general circulation model (MITgcm; Marshall et al., 1997a,b) .
ECCO2 is initialized from the World Ocean Database and forced by surface fluxes (wind stress, heat, and freshwater) from the NCEP meteorological synthesis (Kalnay et al., 1996; Kistler et al., 2001) . The spatial resolution is 1/4°with 50 vertical levels ranging in thickness from 10 m near the surface to approximately 450 m near the bottom in the deep ocean. The NCEP forcing fields are produced on a 6-hourly basis. Daily average mixed layer depth (MLD) was estimated from the ECCO2 model as the depth at which the potential density relative to the surface is larger than surface density by using the DeltaRho = 0.8°C ⁄Alpha criterion, where Alpha is the thermal expansion coefficient at the surface (Kara et al., 2000) . Monthly climatologies (Fig. 5) were derived from the time series of daily estimates.
ECCO2 model results in the Gulf of Mexico seem to be realistic and consistent with observations and current understanding of physical oceanographic processes in the region. This includes, for example, the timing and location of shedding of anticyclonic eddies from the Loop Current, vertical flow speeds observed within anticyclonic eddies, and computed Lagrangian Coherent Structures (Lipinski and Mohseni, 2014) . Tulloch et al. (2011) also concluded that ECCO2 provided realistic simulations of the Loop Current eddy-shedding process, with the anticyclonic eddies subsequently moving westward in the Gulf. They found that the ECCO2 solutions are in agreement with the simulations of the National Center for Atmospheric Research (NCAR) Climate Community System Model (CCSM; Maltrud et al., 2010) .
Chlorophyll-a concentration (mg m
À3
) and Net Primary Production (NPP; mg C m À2 d
À1
) In oligotrophic and mesotrophic waters, such as most of the deep Gulf of Mexico, phytoplankton concentration will co-vary with detritus and colored dissolved organic matter or CDOM concentration (Morel and Prieur, 1977) . Under such conditions, ocean color data are an appropriate tool for long term characterization of chlorophyll-a variability. Time series of chlorophyll-a concentration images of the Gulf of Mexico were derived from data collected by the Coastal Zone Color Scanner (CZCS), the Sea-viewing WideField-of-view Sensor (SeaWiFS), and the Moderate Resolution Imaging Spectrometer (MODIS on NASA's Aqua satellite). The CZCS observations span October 1978 through May 1986, when the sensor stopped working. The SeaWiFS measurements span January 1998 through November 2010. SeaWiFS stopped working in December 2010. We merged the MODIS and SeaWiFS data series for our long-term analyses of chlorophyll concentrations, with SeaWiFS data spanning 1998-2002 (inclusive) . MODIS data spanned January 2003-January 2013.
Ocean color data from the CZCS, SeaWiFS, and MODIS Aqua satellite sensors were obtained from the NASA Goddard Space Flight Center. We used the updated CZCS chlorophyll-a data (2011 reprocessing by NASA), SeaWiFS (2010 reprocessing), and MODIS (2013 reprocessing). The 2011 CZCS reprocessing used calibration, atmospheric correction, and band-ratio chlorophyll-a concentration algorithms similar to those used by SeaWiFS and MODIS to address the problems listed by Gregg et al. (2002) . All products followed the latest implementation of the atmospheric correction based on Gordon and Wang (1994) , Gordon (1997) , and Ding and Gordon (1995) . Chlorophyll-a concentration from CZCS, SeaWiFS and MODIS was estimated using the NASA OC4 and OC3 band ratio algorithms (O'Reilly et al., 2000) . We used the global 4 Â 4 km 2 resolution gridded CZCS and MODIS chlorophyll-a fields and the 9 Â 9 km 2 resolution global SeaWiFS products for the basin-scale analyses. Gregg et al. (2002) list some of the deficiencies of the CZCS relative to the SeaWiFS and MODIS sensors. They analyzed the global CZCS data using a number of improvements relative to the original CZCS algorithms, including improved calibration and atmospheric correction algorithms. They also applied a 3-band maximum ratio bio-optical algorithm (OC3) intended to estimate chlorophyll-a concentration, as opposed to pigment concentration (the sum of chlorophyll and other pigments). They found that the original CZCS data generally underestimated chlorophyll concentration observations archived by the NOAA National Oceanographic Data Center (NODC) globally by 8-35% (Gregg and Conkright, 2001 ). On regional and seasonal scales, larger underestimates were common (20-40%, and occasionally the differences exceeded 100%). The reprocessed CZCS data used by Gregg et al. (2002) then led to a slight ($10%) overestimate of global average concentrations. Fig. 6 shows the chlorophyll-a concentration climatologies derived from the three ocean color sensors (CZCS, SeaWiFS, and MODIS). We find that the newly reprocessed CZCS data (2006 NASA reprocessing) overestimates CHL within the subtropics (i.e. not just the Gulf of Mexico) by a factor that can exceed 1.5 during winter. This overestimate of chlorophyll concentrations by CZCS is due to a consistent bias toward lower CZCS remote sensing reflectance at 443 nm (Rrs443) and higher reflectance at 555 nm (Rrs555) relative to SeaWiFS and MODIS. The differences are especially apparent during winter (NASA CZCS Technical Note, 2010) .
We attempted to use the CZCS data by applying a bias correction based on a comparison of the CZCS and MODIS monthly mean chlorophyll-a concentration climatology, and subtracting the difference from each CZCS pixel. However, the results (not shown) rendered the CZCS data unusable for any quantitative analysis. The correction effectively forced the CZCS data to look identical to the MODIS imagery on average. In addition to destroying any possible trends in time, it changed the spatial patterns inherent in the Gulf as captured by CZCS imagery. We decided against using such bias correction tools.
Because of our inability to correct the CZCS data, these were not useful for long-term trend analyses. The CZCS data would need to be reprocessed after recalibrating the blue bands using clear water radiance estimates in different hemispheres for each season. The CZCS data, however, are useful to compare general temporal and spatial patterns observed in the 1980s with those seen with the SeaWiFS and MODIS. This includes, specifically for this study, general seasonal variability in pigment concentration, changes in spatial patterns of ocean color associated with the edges of the Loop Current and eddies, as well as corroborating variability in the seasonal dispersal patterns of Mississippi river water in the Northeastern Gulf of Mexico.
Monthly Net Primary Production (NPP) based on the Vertically Generalized Production Model (VGPM) of Behrenfeld and Falkowski (1997) was computed at 1 Â 1 km 2 spatial resolution from the MODIS Aqua data downloaded from the NASA GSFC. MODIS daily surface chlorophyll-a concentrations, MODIS SST, and MODIS cloud-corrected incident daily photosynthetically active radiation (PAR) at 1 Â 1 km 2 resolution were used as input data. Monthly means for each parameter were used to calculate the weekly and monthly NPP. A monthly climatology (Fig. 7) and a series of monthly anomalies were then derived for each of the quadrants of the Gulf.
Climate indices
Two climate indices commonly used to help explain weather patterns and oceanographic variability were examined to assess whether changes in Gulf of Mexico observables were related to large-scale forcing. Specifically, we used the monthly Atlantic Multidecadal Oscillation (AMO) index of Enfield et al. (2001) and the monthly El Niño/Southern Oscillation Multivariate ENSO Index (ENSO MEI; Wolter and Timlin; . The AMO index is an areaweighted average of the SST estimates over the North Atlantic (0-70°N). It reflects coherent natural variability in the North Atlantic Ocean (Poore et al., 2009 ). We used the unsmoothed version of the AMO (1948 AMO ( -2013 ; http://www.esrl.noaa.gov/psd/data/timeseries/AMO/). The ENSO MEI tracks an ocean-atmosphere coupling that affects variability in climate and weather conditions around the globe. (1992-2012 inclusive) . MLD was derived using the DeltaRho = 0.8°C ⁄Alpha criterion, where Alpha is the thermal expansion coefficient at the surface criterion relative to surface temperature. The stippled curves on either side show the mean ± one standard deviation around the long-term monthly MLD estimates for each region.
Results

Wind speed
The long-term monthly average wind intensity derived from the CCM blended product and point measurements at the various NDBC buoys in the interior of the Gulf of Mexico show a similar seasonal cycle in all four regions, with consistent timing of maxima and minima of the average winds across the entire Gulf of Mexico (Fig. 2) . The agreement between the CCMP and buoy wind data show that the CCMP data may be used to examine long-term patterns, including possible trends, in the wind over the Gulf of Mexico. [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] for the four ROI's defined for the interior Gulf of Mexico (Fig. 1) . Different regions showed only slightly different amplitudes in the climatological average wind intensity. They showed similar longterm average maxima in wind intensities of $7 m s À1 in the November-February timeframe. All areas also showed a decrease in wind intensity from about March-April, and minima (<4 to 5 m s
À1
) in the July-September timeframe. The minima of this summertime period occur typically in the eastern Gulf of Mexico (winds < 4 m s À1 ROI 1 and 3). The standard deviation in the mean monthly wind intensity computed between 1987 and 2011 was similar during November-January compared to July-September periods (i.e. annual range in SD $0.5-1.2 m s À1 for all regions). Fig. 8 shows the monthly wind anomaly in each of the four ROIs. The trend in the anomalies was overlaid on the anomaly curve. All areas show a significant increase in wind intensity with time of the order of 0.2-0.3 m s À1 per decade (i.e. the null hypothesis that the slope is zero can be rejected; p ( 0.025). There has been no significant change in wind intensity in summer months (July through September, the period of wind minima). However, over November to January periods, when seasonal winds are highest, winds have strengthened (>0.36 m s À1 per decade; significant at p ( 0.025) in all areas except the southeastern quadrant of the Gulf of Mexico. In the southeastern quadrant, the increase shows weaker statistical significance. Overall, all regions show an increase in winds of over >0.72 m s À1 (>1.4 knots) over the last 20 years in winter-time winds. The increase in wind intensity in the Gulf of Mexico region is consistent with the observation that average annual wind intensity has increased gradually over most of the world's ocean area since 1991 (Young et al., 2011a,b relative to the CCM wind climatology for the Gulf of Mexico. From top to bottom, panels show the Northeast, Northwest, Southeast, and Southwest quadrants (Fig. 1) . The solid line drawn through the series shows the least squares regression (Nov 1987-Dec 2011) line for the respective ROIs, which has a significant slope of $0.2 m s À1 per decade for all areas (See Table 1 for statistics). The upper broken line is the least squares regression of wind anomalies for November-January periods, plotted one standard deviation above the mean of the wind intensity anomalies for this period. The lower broken line is the least squares regression for July through September periods, plotted one standard deviation below the mean of the summertime wind intensity anomalies.
Sea surface temperature (SST)
The long-term observations show that the seasonal SST cycle throughout the interior of the Gulf of Mexico is coherent (Fig. 3) . All quadrants show minima in February-March and maxima around August. The seasonal SST amplitude change was largest in the western Gulf ($22-23°C in February-March to $29-30°C in August). The SST minima in the southeastern Gulf of Mexico reached only $24-25°C. The highest variability in SST is observed during January-March in the northern quadrants of the Gulf.
The time series of monthly regional SST anomalies within each of the quadrants of the Gulf of Mexico shows gradual warming over the period (Fig. 9) . This is consistent with shipand buoy-based observations of a gradual increase in the average global upper ocean temperature since the 1870s and especially since the 1960s (Roemmich et al., 2012; Levitus et al., 2001 Levitus et al., ,2009 , and since the mid 1980s in the Caribbean Sea and tropical Atlantic Ocean (Chollett et al., 2012; Scranton et al., 2014) and Gulf of Mexico . In the Gulf of Mexico, cooler winters relative to our seasonal climatology were more frequent in the 1980s than in the 2000s. Warmer summers relative to the climatology were also more frequent in the 2000s compared to the 1980s. Indeed, 2009-2012 showed the four warmest consecutive summers of this record of the Gulf, with 2010 and 2011 also showing the coolest winters. On average, all quadrants show a significant (p < 0.025) trend of between +0.17 and +0.3°C per decade (Table 1) Table 1 for statistics). The upper broken line is the least squares regression of SST anomalies for August-September periods, plotted one standard deviation above the mean of the SST anomalies for this period. The lower broken line is the least squares regression for February-March periods, plotted one standard deviation below the mean of the wintertime SST anomalies. The broken line overlaid on all graphs is the trendline for the AMO, computed for the period 1981-2012, to overlap with the Pathfinder SST anomaly data.
February-March (months of SST minima) increased at similar rates (significant at p < 0.025). The rate of increase in winter temperatures was offset somewhat by the anomalously cold winters of 2010 and 2011, which were especially severe in the northern quadrants. Even though 2010 featured the largest large-scale temperature amplitude variation between winter and summer (i.e. a range >8°C in the southern quadrants and >9°C in northern quadrants) since the beginning of the 1980s, there was no significant trend in the amplitude of the winter-summer SST difference over the observation period. Overall, the highest rates of warming were observed in the northwestern Gulf of Mexico quadrant (i.e. ROI 2; Table 1 ). Between the 1980s and the decade starting with 2010, this region gained nearly 1°C in average annual SST.
Sea surface height anomaly (SSHA)
Satellite altimetry observations of variations in ocean surface topography provide a measure of heat content, of mesoscale eddy variability, and of the fundamental processes controlling geostrophic ocean currents. Specifically, oceanic pressure centers drive ocean currents much like atmospheric pressure centers drive atmospheric winds. SSHA data also help track changes in ocean heat content on seasonal and longer timescales. In the Gulf of Mexico, the time series of SSHA observations collected since 1992 illustrates and helps quantify the Loop Current ring shedding process when the Loop Current intrudes northward.
The seasonal SSHA cycle in the interior of the Gulf of Mexico is spatially coherent throughout the region (Fig. 4) . All quadrants show SSHA minima by late March and SSHA maxima by late August. The seasonal SSHA amplitude was largest in the northern Gulf ($À0.05 m in March to $0.1 m in August, i.e. an amplitude of 0.15 m) and smallest in the southeastern Gulf ($À0.025 m in March to $0.025 m in August, i.e. an amplitude of 0.05 m). The signal reflects steric changes due to seasonal warming of the water column, but also the observation that over the course of the satellite altimetry time series, the highest frequency of Loop Current anticyclonic ring-separation events occurred in August and September, with 7 and 4 events, respectively (Lindo-Atichati et al., 2013) . Fig. 10 shows the monthly SSHA anomaly in each of the four ROIs. The trend in the anomalies was overlaid on the anomaly curve. The time series of monthly regional SSHA data within each of the quadrants of the Gulf of Mexico shows a gradual increase in sea level variability over the period 1993-2012. All quadrants show a significant increase of the order of 0.02-0.03 m per decade. SSHA in the northeastern quadrant is more variable than in the southeastern, northwestern, and southwestern quadrants. This is due to the excursions of the LC into and out of the northeastern region. Also, starting in 2003, the LC was on average located more to the north over the period of our records, and the average number of LC rings formed per year increased (Lindo-Atichati et al., 2013) . The increase of SSHA in all quadrants follows the increase of anticyclonic mesoscale activity in the eastern Gulf. The increase in SSHA in the western quadrants is lower than in the eastern quadrants, likely because only part of the warm waters entering the Gulf from the Caribbean are transported to the west. The westward transport of SSHA occurs as the large anticyclonic Loop Current rings migrate in that direction due to a b-plane effect (Shi and Nof, 1994; Nof, 2005) . Given the strong relationship that exists between SSHA and the thermal structure of the ocean, our results suggest that the increase in mean SSHA in the interior of the GOM over the last 20 years, which is especially marked since the early 2000s, is linked to the increase in the temperature of the upper water column as shown in the SST observations.
Mixed layer depth (MLD)
The mixed layer depth has an important influence on biological activity in the Gulf of Mexico. The surface mixed layer deepens in winter due to convective mixing and wind forcing, and becomes shallow in summer due to insolation and a weaker seasonal wind regime (Muller-Karger et al., 1991; Melo Gonzalez et al., 2000) . The mixing affects the timing and intensity of phytoplankton blooming over large scales, which has important bottom-up ecological implications for fish and other organisms at higher trophic levels (see, for example, Platt et al., 2003; Platt et al., 2007; Muhling et al., 2011) .
The ECCO2 simulations show a strong seasonal cycle in the MLD that is of similar magnitude, variability, and phase throughout the interior of the Gulf of Mexico (Fig. 5) . All quadrants show MLD maxima of about 90-120 m in February, and minima of about 20 m from about May through October. The southeastern quadrant shows a slightly higher average summer MLD ($30 m). While we have no direct evidence of the causes for this difference, it is possible that the deeper summertime MLD in this region are due to the very warm surface water entering the Gulf from the Caribbean Sea. The upper water column in this sector may be further homogenized by turbulence caused by the interaction between the Yucatan/Loop Current and the continental shelf areas of Yucatan Channel. This affects the average MLD computed over the southeastern region in the 1/4°spatial resolution model.
The monthly average MLD estimates obtained with the ECCO-2 model for the Gulf of Mexico were similar to the long-term monthly average MLD estimates derived by Muller-Karger et al. (1991) using all NOAA NODC station data collected in Gulf of Mexico waters deeper than 50 m between 1914 and 1985. They are also similar to those provided by a climatological simulation of the region by Ezer (2000) . Ezer found that his mixed layer depth simulations were underestimated relative to field observations; he also concluded that his model was rather insensitive to rapid changes in wind speed (<6 h anomalies of opposite sign). In general, the winter MLD computations based on field data of Muller-Karger et al. (1991;  maximum winter MLD of the order of 125-130 m) were slightly larger than those given by ECCO2 (90-120 m). This difference can simply be attributed to a difference in the criterion used to estimate the MLD, among many other factors, and thus cannot be viewed as significant.
There was no evidence of a systematic change in the MLD over time in any of the quarters of the Gulf (Fig. 11) . The MLD anomaly showed no noticeable interannual variability during summer months, when the MLD is shallowest. There are some departures from the mean during winter, usually in the range of 20-50 m and short-lived (i.e. one season or shorter). At the beginning of 2010, a strong anomaly was observed during which MLD exceeded 50 m throughout the Gulf of Mexico for several weeks, coinciding with the very cold winter that year.
Chlorophyll-a concentration and Net Primary Production
The chlorophyll-a concentration climatologies derived from each of the three ocean color sensors (CZCS, SeaWiFS, and MODIS) show a clear seasonal pattern that is coherent throughout the deep Gulf of Mexico (Fig. 6) . The values and seasonal patterns found in the reprocessed (2011) CZCS data are basically identical to those found by Muller-Karger et al. (1991) using the earlier calibration, atmospheric correction, and bio-optical algorithms from Gordon et al. (1988) . The CZCS measurements also show the same seasonal and regional patterns as those from SeaWiFS and MODIS, but the CZCS values are higher by a factor of 1.5 to 2. Because of this, the CZCS data were not used to evaluate changes in phytoplankton chlorophyll concentration between the 1980s and 2000s. The SeaWiFS and MODIS time series, however, show no significant decadal-scale trend in chlorophyll concentration over time in any of the regions of the Gulf (Fig. 12) . Overall, SeaWiFS and MODIS show comparable concentration values throughout the year in all regions, but SeaWiFS tends to overestimate the MODIS data by a few percent during the time of the year when concentrations are very low (<0.15 mg m À3 ), as during April through October. Highest concentrations (0.2-0.25 mg m
À3
) occurred on average in December and January, and minima (<0.1-0.15 mg m À3 ) in June through September. In general, the CZCS chlorophyll-a data had a significant positive bias (a factor of 1.5-2) relative to SeaWiFS and MODIS.
The two northern Gulf quadrants showed higher concentrations and higher variability compared to the southern quadrants throughout the year. Chlorophyll-a concentrations in both the northwestern and northeastern quadrants show secondary peaks in the monthly climatology. In the northwestern Gulf of Mexico, a small regional peak occurs in May as a result of offshore transport of shelf waters. This is caused by the seasonal convergence of waters coming from the Louisiana-Texas shelf in a counterclockwise direction and from Mexico in a clockwise direction (ZavalaHidalgo et al. 2003; Martínez-López and Zavala-Hidalgo, 2009; and Salmerón-García et al., 2011). This peak was particularly conspicuous in the CZCS data, but it is still not clear whether this is simply an issue with the CZCS calibration and distortion of the estimated pigment concentrations.
In the northeastern quadrant, the secondary peak ($0.25 mg m À3 ) observed in July in the SeaWiFS and MODIS data, and in August in the CZCS data (also higher values than SeaWiFS and MODIS), represents the offshore (east-and southeastward) dispersal of Mississippi River and other coastal waters from Mississippi and Alabama (Muller-Karger et al., 1991; Gilbes et al., 1996; Morey et al., 2005) . We expected to see more variability in this phenomenon, but instead it showed a strong seasonality, occurring in 1982 and 1984 (CZCS) and in 1998 , 2007 , 2008 , 2010 . During the CZCS years, this event was most pronounced in August (1979 August ( -1985 . In the SeaWiFS and MODIS record, this was strongest in July. The timing of this phenomenon is associated with changes in wind direction and intensity that cause offshore transport to the east and south (D'Sa and Korobkin, 2009; Salisbury et al., 2004; Muller-Karger, 2000) . Once off the shelf, the plume can become entrained in the Loop Current or its eddies ( Table 1 for statistics). The upper broken line is the least squares regression of SSH anomalies for August-September periods, plotted one standard deviation above the mean of the SSHA anomalies for this period. The lower broken line is the least squares regression for February-March periods, plotted one standard deviation below the mean of the wintertime SSHA anomalies.
López and Zavala-Hidalgo, 2009). These offshore transports of coastal and shelf waters were especially marked in 1998, 2000, 2008, 2009, and 2010. To understand how the phytoplankton carbon to Chl-a ratio (C:Chl-a) may have changed with season, we explored possible ranges in C:Chl-a ratios using the model of Cloern et al. (1995) . Since there are no published time series of either C:Chl-a or of growth rates for the offshore Gulf of Mexico, we assumed possible growth rates in the range of (l =) 0.2 and 1.0 d À1 , SST extremes of 22 and 30°C, and nominal photosynthetically-active-radiation (PAR; i.e. ''irradiance'' in the Cloern model) of 1-12 mol quanta m À2 d À1 in applying the model. Results show that there is likely a seasonality in C:Chl-a that coincides with that of Chl-a. Estimated C:Chl-a of $3 to 30 mg C (mg Chl-a) À1 were estimated for boreal summer (high temperatures and high irradiance, under high or low growth rates). Higher C:Chl-a of about 5 to 42 mg C (mg Chl-a)
À1 were estimated for winter (low temperatures and low irradiance, under high or low growth rates).
The Net Primary Production (NPP) climatology for all four regions (Fig. 7) shows a peak in average productivity in February, i.e. one to two months after the highest chlorophyll values are observed in all quadrants of the Gulf. Values of 700-800 mg C m À2 d À1 are observed during this time in the northern quadrants of the Gulf. In the southwestern quadrant, the NPP peak is of the order of 600 mg C m À2 d
À1
, while it does not exceed 450 mg C m À2 d À1 in the southeastern quadrant. In all quadrants, the NPP peak occurs during the period of strongest winds (November to February; Fig. 2) , and SST minima (Fig. 3) , which is when the maximum MLD occurs (Fig. 5) . NPP minima in the northern half of the Gulf (300-350 mg C m À2 d À1 ) are reached in May. The NPP minimum occurred when the MLD reached its lowest values. Low NPP was maintained while the MLD was shallow, through October (Fig. 5) in chlorophyll-a concentration in all areas. In the northeastern quadrant, a substantial mid-summer secondary peak in NPP of $500 mg C m À2 d À1 was observed simultaneous with the July chlorophyll-a peak. This may be an artifact in the NPP values related to the regular offshore transport of coastal and riverine waters observed in July and August over the CZCS, SeaWiFS, and MODIS time series, but, regardless, this is a highly productive region of the Gulf in terms of fisheries. As with chlorophyll concentration, there is no evidence of any long-term change in NPP values with time in any of the quadrants (Fig. 13) . Since our regions of interest trace the 1000 m isobaths, variability in chlorophyll-a concentration in the southeastern and southwestern quadrants reflects only blooms caused by deep ocean mixing or extreme cross-shelf transport events. In the southeastern quadrant, the time series of chlorophyll concentration shows only small anomalies relative to the monthly climatology (Fig. 12) . This region experiences events north of the Yucatan Peninsula (north of 24.5°N). For example, the positive anomaly of January-March 2010 is the result of convective mixing due to cold SST (SST anomalies of À1°C) and strong winds observed Gulf-wide at the end of 2009 and through January 2010 (see below). Some of the positive anomalies in the southeastern region of the Gulf are due to the high chlorophyll concentrations associated with the upwelling phenomenon that begins along the western edge of the Yucatan Current and propagates offshore along the periphery of the Loop Current 1999a,b) . This upwelling extends along the cyclonic edge of the Loop Current beyond the Yucatan shelf break. The bloom traces a sinuous arc that can extend over 1800 km into the northwestern and northeastern Gulf. SeaWiFS and MODIS data show that this long bloom occurs most often during January-March periods. This pattern was also clearly visible in the CZCS data. This bloom is advected and then likely sustained by upwelling along the cyclonic edge of the Loop Current. Many satellite images showed this bloom merging with the colored plume of water advected offshore from the Mississippi River delta region as this plume became entrained along the northern edge of the Loop Current, typically in the July timeframe. At the end of 2009 and beginning of 2010, the entire Gulf of Mexico experienced the largest positive chlorophyll-a anomalies seen since the SeaWiFS record started in 1998 (Fig. 12) . This large positive anomaly was synchronous throughout the Gulf. A much smaller basin-wide positive anomaly was also observed in 1998-1999. The 2010 anomaly started as early as November-December of 2009 and was most pronounced between January and March 2010. During the intervening months, the Gulf of Mexico experienced the coolest SST anomalies observed in the near three-decade-long SST record (i.e. À1 to À2°C relative to the climatology for these months; Fig. 9 ). This coincided with stronger than average basin-wide winds (sustained 0 to + 1 m s
; Fig. 8 ). Another basinwide cool anomaly, although somewhat less pronounced than the one of 2010, was observed during January-February of 2011 (between À1 and À1.5°C relative to the climatology; Fig. 9 ). This period experienced lower than average winds throughout the Gulf (0 to <À1 m s À1 ; Fig. 8 ). The conditions in 2011 likely led to shallower winter mixing relative to 2009-2010. The winter bloom of 2010-2011 was also less pronounced relative to the one seen in 2009-2010. These observations are consistent with the observation that increased mixing of the upper water column due to storms leads to higher chlorophyll-a concentrations in the deep Gulf of Mexico (Melo Gonzalez et al., 2000) .
The 10-year MODIS NPP time series showed marked differences between the quadrants of the Gulf of Mexico, but it also showed some periods during which changes occurred simultaneously throughout the Gulf. All regions show a marked peak in the January-March 2010 interval, with average NPP exceeding 1400 mg C m À2 d À1 over the entire northern Gulf of Mexico in February that year (Fig. 13) . Coherent minima (an anomaly of À200 mg C m À2 d
) occurred in all quadrants of the Gulf in This last minimum was the most pronounced of the series. The frequent anomalies in January-February are driven in part by the effect of the very large Gulf-wide peak observed in 2010 on the monthly climatologies. The pronounced NPP minimum of January-February 2012 occurred when SST in the Gulf of Mexico were high relative to the norm (+1°C anomalies) and winds in the Gulf of Mexico were very weak (<6.5 m s À1 according to NOAA NDBC Buoy 42001 located in the Central Gulf; not shown). In contrast, average NPP values were observed in each region for JanuaryFebruary 2011, a period that experienced equally weak winds but instead large SST negative anomalies (i.e. colder than À1°C; Figs. 8 and 9 ).
Climate indices
We found no significant correlation at the monthly scale between any of the parameters we examined in the Gulf of Mexico and either the monthly MEI or the monthly AMO indices, including at lags spanning 0 to ±8 months. However, the AMO shows a positive long-term trend over the period of the satellite record examined (1981-2012) . While all quarters of the Gulf of Mexico showed positive trends in SST anomalies similar to that of the AMO (Fig. 9) , only the southeastern quadrant showed a trend that was not significantly different to that of the AMO at the 95% level. While there is no direct correlation between the monthly MEI and the SST anomalies in the Gulf, the trend in the MEI over our study period between 1981 and 2012 was strongly negative (not shown).
Discussion
Long-term changes in seasonal meteorological patterns, in the average temperature of surface waters, or in the standing stock and productivity of phytoplankton have important impacts on the habitat for numerous species, including humans. Long-term change can affect reproductive success, feeding habits, species interactions, migration routes, and ultimately define whether an organism may be present in a region at all or not. Studies such as that of Gable (1993) provide the earliest chart of the major ecological domains in the Gulf of Mexico, but these charts need to be redrafted frequently to help understand where change is taking place. Long-term observations and baselines help develop the dynamic biogeographical regions needed to assess effects of disturbance due to natural events or anthropogenic causes including resource development .
The waters of the interior of the Gulf of Mexico seaward of the continental margin continue to be seriously undersampled. A search for observations of chlorophyll concentration in the NOAA NODC archives shows fewer than 100 chlorophyll observations for each of the Regions of Interest defined for this study (Fig. 1) . Most of these samples are associated with a particular cruise or with a seasonal program, such as the NOAA SEAMAP (SouthEast Area Monitoring and Assessment Program). We were not able to derive a good chlorophyll concentration dataset from historical field observations archived at the NOAA NODC to compare with either CZCS, SeaWiFS, or MODIS chlorophyll estimates. Most samples in the Gulf of Mexico available at the NODC are from the northern and eastern shelf regions, with relatively few samples available from offshore waters. Thus, information derived from remote sensing is essential for characterization of the deep water areas of the Gulf.
There was no significant trend in the chlorophyll-a concentration time series for any of the regions in the Gulf of Mexico, either during the CZCS years (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) , or during the SeaWiFS and MODIS years (1998-2012 inclusive). We also found no apparent trend in the NPP record. The lack of long term trends in chlorophyll and NPP is in contrast to trends in physical variables that are important to biological processes. Particularly, over the past 20 years we have seen an increase in sea surface temperature of +0.6°C, in the sea surface height anomaly of +0.06 m, and in winter-time wind speed of up to +0.7 m s
À1
. The SeaWiFS observations are calibrated, stable, and sufficiently accurate to conduct longterm, climate record analyses (Hu et al., 2001; Franz et al., 2007; Eplee et al., 2011; Siegel et al., 2013) . The MODIS calibration was cross-referenced to that of SeaWiFS. The chlorophyll-a and NPP products used in this analysis were generated by the latest NASA reprocessing of these ocean color data (MODIS 2013 reprocessing). Therefore, these results imply that, on average, annual phytoplankton concentration and productivity are insensitive to the long-term changes in physical variables such as wind speed and SST observed over this period in the Gulf of Mexico. Below we explore a possible reason for the lack of change observed over the past 15 years in average phytoplankton pigment concentration and Net Primary Production in the offshore Gulf of Mexico.
The time series of chlorophyll values show very regular seasonal changes in the southern quarters of the Gulf. Years with extremely cold winters, like the winter of 2009-2010, showed a positive anomaly in all areas. The cold temperatures observed in 2011 only seem to have led to markedly higher chlorophyll concentrations only in the northern quadrants. We observed winds during the 2009-2010 winter that were anomalously high in all quadrants. Winds during winter of 2010-2011 were much milder, and showed a smaller to nil anomaly. In general, we observed higher chlorophyll concentrations and primary productivity only during periods when cooler temperature and higher winds coincided. We saw normal levels of chlorophyll when winds were average. And we measured low chlorophyll concentration when temperatures were warm and winds were weak at the same time.
Melo Gonzalez et al., 2000 had already found positive anomalies in pigment concentration in the Gulf of Mexico during winter months. This was associated with intense mixing of the water column by higher frequency and stronger winds associated with cold fronts. They found a 4-5 month lag between low SST, high chlorophyll concentrations, and the ENSO warm phase of 1982 -1983 (Enfield and Mayer, 1997 for the Caribbean and Gulf of Mexico. Another positive pigment anomaly was observed in 1980-1981. This anomaly was not related to ENSO, but rather to a period of higher hurricane and extra-tropical low-pressure activity. Using a longer time series, we could not find a generalized relationship between any of our parameters and the monthly ENSO MEI or AMO indices in the Gulf of Mexico at lags spanning 0 to +8 months. The positive trend in the AMO during the period overlapping the Pathfinder SST data ) is consistent with the AMO warm phase that started in the mid-90s (Enfield and Cid-Serrano, 2010 ). Over such time scales, the Gulf of Mexico reflects changes in heat balance taking place over the North Atlantic. The link between the North Atlantic and the Gulf of Mexico occurs through variations in the advective throughflow between the Yucatan Channel and the Straits of Florida (Liu et al., 2012) . Because that flow is part of the Atlantic Ocean meridional overturning circulation, the AMO acts over timescales longer than a year. The negative trend in the MEI over our study period is due to the repeated strong warm El Niño-Southern Oscillation (ENSO) events observed in the 1980s and 1990s, and higher frequency of cooler ENSO events since 1999-2000, including the strong negative events of 1999-2000, 2007-2008, 2010-2011, and 2011-2012 . Such extraneous factors (e.g., ENSO extremes) affect the annual heat budget of the Gulf of Mexico going into summer (Melo Gonzalez et al., 2000) . They cause sporadic responses that have little or nothing to do with the North Atlantic. Air-sea interactions driving changes in the Gulf of Mexico at any particular time differ from those acting on average over the North Atlantic. Whether the changes inferred from these two climate indices are related is not yet clear.
In any event, the results from Muller-Karger et al. (1991) and Melo Gonzalez et al., 2000 pointed to the depth of the mixed layer as a controlling factor in defining chlorophyll-a levels in the Gulf of Mexico. In this study we found the relationship between the MLD estimates derived from the ECCO2 model and Chl-a concentration, and MLD and NPP, to be strong in every quadrant of the Gulf of Mexico. Some outliers in this relationship stood out only in the northeastern quadrant. These results were consistent with the Sverdrup critical depth hypothesis (Sverdrup, 1953) . There is sufficient light on a year-round basis to illuminate the mixed layer in the Gulf of Mexico. Thus the 'spring bloom' occurs in the middle of winter, when the mixed layer is deepest, allowing for a greater influx of nutrients into the euphotic zone, as Muller-Karger et al. (1991) had already described.
The statistical relationship between NPP and MLD is slightly stronger than that of chlorophyll-a concentration. Table 1 shows the coefficients derived from a linear regression analysis performed between NPP and MLD (Fig. 14) . We chose to cast NPP as the independent variable and MLD as the dependent variable because ocean color NPP observations are readily available, while MLD estimates are difficult to obtain, particularly in a synoptic manner. We found that except in the northeast, NPP can predict MLD well, explaining upwards of 70% of the variability in the MLD derived in the ECCO2 model. The relationship is less robust in the northeastern quadrant, where high levels of chlorophyll-a and NPP occurred regularly in July and August, during periods of shallow MLD (Fig. 14) . Visual examination of the satellite data time series confirms that the high positive chlorophyll-a and NPP anomalies observed in summer 1998, 2008, 2009, and 2011 (Fig. 6 ) and the time series of anomalies (Fig. 12) clearly show that the largest deviations from the mean and the highest temporal variability is observed in the northeastern quadrant of the Gulf of Mexico. Muller-Karger et al. (1991) , Muller-Karger (2000) , Del Castillo et al. (2001) , and Hu et al. (2005) had observed the offshore entrainment of Mississippi plume water into the interior of the Gulf and subsequent advection to the southeast in the Loop Current. We observed this entrainment in 11 out of the 14-years of the series of SeaWiFS and MODIS images (1998-2012 inclusive) . It is this feature that leads to a different climatological chlorophyll pattern than expected for clear offshore waters, and the cause for which Salmerón-García et al. (2011) and CallejasJimenez et al. (2012) identified the northeastern Gulf of Mexico as a uniquely different deep-water region in the Gulf.
Cross-shelf advection of coastal waters is forced by the seasonal convergence of alongshore winds particularly to the southwest of the Mississippi Delta, off the US-Mexico border region, and in the Bay of Campeche (D'Sa and Korobkin, 2009; Martínez-López and Zavala-Hidalgo; ). In the northeastern Gulf of Mexico, offshore advection of waters from the Mississippi River and other coastal waters is related to offshore transport due primarily to local wind. These waters can subsequently be entrained in the Loop Current or its eddies (Muller-Karger, 2000) , or in the southward drifts that occur over the west Florida shelf (Gilbes et al., 1996) .
One question left unresolved by the observations reported here is whether the effect of increasing stability of the upper water column due to rising surface temperatures is offset by the increase in the anticyclonic mesoscale activity in the interior of the Gulf or by the gradual increase in winds. The trend toward a warmer and more windy Gulf of Mexico is not reflected in the biological indicators Chl-a and NPP. We do not yet have a conceptual model that can provide an explanation for which process may dominate. This Northeast Northwest Southeast Southwest Table 1. question is relevant for assessing impacts of climate change over both regional and global scales.
The increase in oceanic sea surface temperature has already been highlighted as a driver of a possible increase in hurricane activity (Goldenberg et al., 2001 ). More generally, the trend toward stronger winds over large areas of the ocean (Young et al., 2011a,b) and higher upper ocean temperatures (Levitus et al., 2001; Roemmich et al., 2012) are linked through intensification of the Walker and Hadley cells in the atmosphere (England et al., 2014) . England et al. (2014) The significant warming and increase in the sea surface height anomaly that we observe in the interior of the Gulf also helps to explain the rising coastal sea levels observed by Hanson and Maul (1993) , Maul et al. (2001) , and Wahl et al. (2014) . Part of the increase in the sea surface height anomaly is a direct consequence of steric changes due to this warming of the water column. Sea level rise due to climate change is one of the most important threats to ecosystem services provided at present by coastal areas of the Gulf of Mexico (Twilley et al., 2001 ). Yet, how this affects basic processes like primary production in the interior of the Gulf of Mexico is not clear. We know that changes in mesoscale eddy variability play an important role in providing nutrients for phytoplankton growth (McGillicuddy et al., 1999; Mahadevan et al., 2012 Mahadevan et al., , 2010 . Piontkovski and Nezlin (2012) found a positive correlation between negative SSHA and chlorophyll concentration in the western Arabian Sea, emphasizing that chlorophyll was generally lower in years where SSHA was more positive (i.e. anticyclonic eddies dominate) than negative (i.e. cyclonic eddies dominate). In the Canary Eddy Corridor, chlorophyll concentration may be enhanced by both anticyclonic and cyclonic eddies (Sangrà et al., 2009) . Examining the hypothesis that anticyclonic or cyclonic eddies, or both, have an impact on chlorophyll requires a synoptic eddy census in the Gulf of Mexico, which was outside the scope of the present study. Again, these questions are relevant to global change science because these processes apply to regional seas generally and the impacts of concurrent change are important at basin and global spatial scales.
The results that there has been no change over the past 20 years in average mixed layer depth is thus very consistent with the observation that there have been no long-term trends in chlorophyll concentration or in the overall phytoplankton productivity of offshore waters of the Gulf. However, answering the question of whether the increase in the wind stress can offset the decrease in regional primary productivity that would be expected solely from increased thermal stability of surface waters probably requires a detailed study using a dynamic mixed layer model. We encourage such a study as this is at the core of the future health of the Gulf of Mexico ecosystem.
